Abstract. Modular Multilevel Converters (MMC) have been widely applied in medium-and high-voltage applications such as High Voltage Direct Current (HVDC) Transmission. Hence, the modulation method which can generate low harmonic waves with low losses is quite suit for the HVDC condition. This paper proposes a new nearest level modulation (NLM) method for the MMC, with which can decrease the harmonic components. Using this method, the level number of the MMC is almost doubled and the height of the step in the step wave is halved. The performance of the proposed method is verified by simulations with the PSCAD/EMTDC software.
Introduction
In recent years, the MMC has attracted much attention by academic scholars resulting in large numbers of research publications, which focus on mathematical modeling [1] - [2] , modulation methods [3] - [4] , control strategies [5] , capacitor-voltage balancing [6] , and so on. As to the modulation methods for MMCs, there are mainly two types (i.e. pulse width modulations (PWMs) and step wave modulations). Furthermore, PWM methods include the carrier-phase-shifted PWM (CPSPWM), the sub-module unified PWM (SUPWM) and the improved SUPWM, sharing some common features such as high switching frequency, large switching losses and complex implementation process. Among the PWM methods, the CPSPWM and improved SUPWM can generate output voltages with 2N+1 levels while the conventional SUPWM can only generate output voltages with N+1 levels. As for step wave modulation methods, they mainly include selective harmonic elimination (SHE) method [7] and nearest level modulation (NLM) method [8] , which share some common characteristics such as low switching frequency and N+1 levels. Compared to the SHE method, the NLM method does not need a complex calculation of the trigger angles, making NLM method the simplest and most practical modulation method for the MMC. However, in spite of the low switching frequency and simple implementation, the NLM method generates poorer quality waveforms than the CPSPWM and the improved SUPWM methods in case of small numbers of sub-modules. Therefore, the NLM method is mainly applied in high voltage applications where the step number is large enough to improve the output voltage. In order to improve the performance of the NLM method in case of a small number of sub-modules, this paper proposes a modified NLM method with which the maximum level number reaches 2N+1 as the same as that with the CPSPWM and the improved SUPWM methods.
The outline of this paper is organized as follows: Principles of the MMC are briefly presented in section II. The proposed NLM method is presented and analyzed in section III. In section IV, simulation and results verify the proposed method. The equivalent circuit of the MMC is shown in Fig.1 (b) . From (1) and (2), the output voltage can be expressed
It can be seen from (3) that the ac electromotive force (EMF) of the MMC is written
In general, the reference value of ac EMF is expressed as
where m(0 ≤ m≤ 1) is the modulation index and is the angular frequency. With the conventional NLM method, N sub-modules are inserted in the circuit. Therefore, the following equation is satisfied on the dc side. (5) to (7), reference voltages of the upper and lower arms are determined by
Without redundant sub-modules, the sub-module capacitor voltage and the dc voltage satisfy the following equation. To shift the moments of step changing in the upper-and lower-arm voltages, the arm inserted sub-module numbers should be modified as expressed in (9). The round function (round0.25(x)) means that the real number x is rounded to the nearest whole number according to the decimal fraction of x. If the decimal fraction of x is bigger than 0.25, x is rounded up to the next whole number, otherwise rounded down to the next whole number. The overall diagram of the modified NLM method is illustrated in Fig.3 . 
Simulation Results
The simulation is carried out in the PSCAD/EMTDC software with circuit parameters listed in Table. I. Fig.4 -Fig.6 show the simulation results with both the conventional and low harmonic NLM methods. When using the conventional NLM method, the three-phase ac voltages on the converter side appear evident distortion and the total harmonic distortion (THD) reaches 5.90%. Since currents flow through the sub-module capacitors, the steps are smoothed by the fluctuation of sub-module capacitor voltages. Anyway, it also can be seen 11 levels in the ac voltages. Besides, the THD of three-phase ac currents reaches 4.86%, which is caused by the harmonics of the ac voltages.
When using the low harmonic NLM method, THDs of the three-phase ac voltages and currents are reduced to 2.02% and 0.79%, respectively. The voltage steps are too many and small to recognize. Moreover, the sub-module capacitor voltages decrease a little with the low harmonic NLM method as shown in Fig.5 . This is because the total number of inserted sub-modules varies between N and N+1 (i.e. equivalent number is greater than N) with the low harmonic NLM method. The variation of the total number of inserted sub-module also leads to larger voltage across the upper and lower arm inductors as shown in Fig.5 . Fig.6 shows that the error in id is reduced with the low harmonic NLM method. 
Conclusion
A low harmonic NLM method for modular multilevel converters, which can generate 2N+1 level ac output voltage, is proposed in this paper. The level number of ac output voltage with the low harmonic NLM method is almost double than that with the conventional NLM method. Compared to the improved SUPWM and CPSPWM methods, which can both generate 2N+1 level ac output voltage, the low harmonic NLM method has lower switching frequency. Principles of the low harmonic NLM method are presented. Simulation results validate the effectiveness of the low harmonic NLM method.
